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Abstract- Open circuit voltage (OCV) is a crucial parameter in 
an equivalent circuit model (ECM). The path dependence of 
OCV is a distinctive characteristic of a Li-ion battery; this is 
known as OCV hysteresis. In this manuscript the influence of 
temperature and charge/discharge rate on OCV hysteresis has 
been identified. OCV hysteresis was found to be 13mV higher at 
0°C while remaining unchanged at 45°C compared to the 25°C 
result. In general, OCV hysteresis was found to be less 
dependent on charge/discharge rate than temperature. The 
potential explanations of these results have been reported.  
 
I. INTRODUCTION 
Equivalent circuit models (ECM) are commonly used by a 
battery management system (BMS) to estimate the power and 
energy performance of the battery pack in real operating 
scenarios [1-3]. Open circuit voltage (OCV), the 
thermodynamic equilibrium potential of a battery, is a key 
input parameter for an ECM, which is essential from the 
simplest form of ECM to the very complex form [4]. An 
accurate measure of OCV is therefore vital for BMS 
operation.  
 
A common method to measure OCV is to discharge/charge 
a cell with very low current (e.g. C/25) and record the cell 
voltage [5-7]. It is assumed that the low current will reduce 
the diffusion limitation and the cell voltage will represent 
OCV. In reality, the cell will experience kinetic contributions 
even at low current, which will be more pronounced at the 
beginning and end of charge/discharge. To avoid the kinetic 
contributions in OCV measurement a methodology has been 
proposed in [8], which employs charging/discharging in 
steps, and allow intermediate rest steps. The shorter the step 
size, longer the test duration (due to rest period) and higher 
the resolution of OCV plot. Therefore, selecting a step size 
(∆z) is important to balance the test duration and the 
requirement of OCV plot resolution.  
 
However, the OCV is path dependent, which is known as 
OCV hysteresis [9, 10]. The presence of OCV hysteresis in 
different Li-ion battery chemistries has been shown 
previously [8, 9, 11]. This path dependency implies that the 
OCV with respect to state-of-charge (SoC) may depend on 
experimental parameters such as the SoC step size, the 
charge-discharge rate (I_∆z) and temperature (T).  In [8] the 
influence of ∆z when evaluating the magnitude of hysteresis 
is shown to be insignificant. The influence of very high 
current (10C) at a particular SoC (50%) has been shown 
previously in [12]. However the influence of a range of 
nominal operating currents, I_∆z, and temperature, T on the 
magnitude of hysteresis over the entire SoC range is not 
known.  
 
It was previously shown that inclusion of OCV hysteresis 
can considerably improve the SoC estimation accuracy of a 
BMS [8]. Therefore, it is important to know how OCV 
hysteresis changes with the operating conditions (temperature 
and current) of an electric vehicle (EV) battery pack. This 
manuscript presents experimental evidence of the influence of 
temperature and current amplitude on the magnitude of 
hysteresis, and provide potential explanations. In Section II, 
experimental procedures are outlined. Results and analysis of 
the results are presented in Section III. Finally, Section IV 
summarises the key findings.  
 
II. EXPERIMENTAL PROCEDURE 
Charge-discharge OCV tests were carried out on six 
commercially available 20 Ah Li-ion cells. The cell has a 
LiC6 anode and LiFePO4 (LFP) cathode, with a nominal 
voltage of 3.2 V and maximum 10 second discharge 
capability of 15C. 
 
The test procedures are similar to that outlined in [8]. The 
cells were initially fully charged at 25°C via a constant 
current constant voltage (CC-CV) procedure, using a 1C 
constant current for the CC part and 3.6 Volts for the CV part 
with a charge cut-off current of C/20. Following full charge, 
the cells were allowed to rest for 4 hours prior to any further 
testing. To study the effect of temperature on the magnitude 
of hysteresis the cells were discharged at three different 
temperatures 0°C, 25°C and 45°C with a 4 % step size and 
1C for discharge until the manufacture specified cell 
minimum voltage (Vmin) was reached. The test temperatures 
of 0°C, 25°C and 45°C were selected as being representative 
of the low, nominal and high operating temperatures of an EV 
battery pack. After every SoC decrement a 4 hour rest was 
allowed and the battery terminal voltage was subsequently 
recorded as the corresponding discharge OCV at that 
particular SoC. The 4 hour rest period was used to allow the 
cells to reach electrochemical equilibrium [13], thus the 
voltage recorded can be considered as OCV. Following the 4 
hr rest period upon reaching Vmin, the cells were charged with 
4 % step size and 1C current at the same temperature until the 
maximum voltage (Vmax) was reached. Similar to the 
discharge procedure, after each SoC increment and a 4 hr rest 
the battery terminal voltage was recorded as the charge OCV 
at that corresponding SoC. The difference in charge/discharge 
OCV provides the magnitude of the OCV hysteresis.  
 
To study the effect of charge-discharge rate, the test 
procedure was repeated at 25°C, with 4 % step size but at two 
different discharge rates of 0.2C and 3C. These two C rates 
represent low and high continuous current demand to the EV 
battery pack. 
 
All the tests were performed within a Weiss Gallenkamp 
Votsch VC3 4060 environmental chamber to control test 
temperature. The charge-discharge cycling and data recording 
was completed using a Bitrode cell cycler (MCV 16-100-5).  
 
III. RESULTS 
As mentioned in Section II, OCV hysteresis was calculated 
as the difference of charge and discharge OCVs. Battery 
capacity varies with temperature and charge/discharge rates. 
Therefore, to allow a direct comparison between temperature 
and charge/discharge rate, capacity values are represented as 
SoC by considering that the total capacity charged/discharged 
represents 100 % SoC for that particular temperature and rate. 
 
A. Temperature Dependency Of Hysteresis 
The OCV hysteresis magnitudes obtained from the tests at 
different temperatures are shown in Fig. 1. In general, the 
shape of the hysteresis voltage vs SoC curve is found to be 
similar irrespective of temperature, except around 70 % SoC. 
At 25°C and 45°C the OCV hysteresis magnitude is identical 
within 3 mV maximum variation. However, the hysteresis 
increases by 13 mV at 0°C almost across the entire SoC 
range.  
 
The change of OCV hysteresis can be further understood 
by analysing charge-discharge OCV at different temperatures, 
which is presented in Fig. 2. The discharge OCV at 25°C and 
45°C are identical (except at the beginning of discharge). 
However, at 0°C OCV is lower over the entire discharge 
region. On the other hand, the charge OCV is identical at all 
three temperatures. Therefore, the difference of OCV 
hysteresis between 0°C and other temperatures is purely from 
discharge OCV difference. 
 
As explained by Dreyer et al [10] several apparent 
equilibrium potentials exist in a lithium-ion battery, which 
causes OCV hysteresis. The interconnectedness of many 
particles with a non-monotonic chemical potential function as 
suggested by Dreyer et al are the root cause of the existence 
of several equilibrium potential. Based on the result presented 
in this manuscript it can be said that this mechanism as 
suggested by Dreyer et al [10] is affected by low temperature 
compared to 25°C. More specifically, the process in which 
one particle distributes lithium ions to neighbouring particles 
and decreases its chemical potential can be affected at lower 
temperature after complete discharge. Another interesting 
observation is near 70 % SoC the hysteresis has a downward 
hump at 25°C and 45°C, while it is upward at 0°C indicating 
greater hysteresis at lower temperature. While this 
phenomenon is interesting, an in depth explanation only can 
Fig. 1.  Change in OCV hysteresis with temperature. Cell to cell variation
(from 6 cells) is shown as the error bar.  
Fig. 2. (a) Charge and (b) discharge OCV of the cell at different temperature.
be provided through further research. 
 
B. Charge-Discharge Rate Dependency Of Hysteresis 
The levels of the OCV hysteresis obtained from the tests 
with different charge/discharge rates are shown in Fig. 3. In 
general, the hysteresis voltage vs SoC curve remains similar 
irrespective of rates which exception between 15-30 % SoC 
and around 70 % SoC. Only a 4mV increase in hysteresis was 
found with 0.2C between 15-30 % SoC compared to 1C and 
3C rates. Similar to temperature dependency, near 70 % SoC 
the 1C test showed a 10 mV lower hysteresis compared to 3C 
and 0.2C test. Again, this phenomenon requires further 
investigation. In general, OCV hysteresis is found to be less 
dependent on rate than temperature. This result is in contrast 
to the previously reported results by Roscher et al [12] where 
it was suggested that OCV hysteresis is rate dependent. 
However, according to the electrochemical origin of OCV, 
when cells are allowed to reach electrochemical equilibrium 
following a charge/discharge event, the OCV will be same 
irrespective of the charge/discharge rate if allowed to relax 
significantly. One possible reason why Roscher et al saw the 
change can be due to the use of the high discharge rate used 
by Roscher et al (discharged to 50 % SoC from 100 % SoC 
using 0.5C and 10C). 10C discharge current is commonly 
considered as very high current which can make reversible 
and irreversible change within the cell [14, 15], which 
potentially explains the 8 mV difference of hysteresis found 
by Roscher et al. 
 
From Fig. 2 it can be seen that the OCV change is small 
with capacity (and thus SoC), for example from 6 Ah to 12 
Ah (from 30 % to 60 % SoC approximately, depending on 
temperature) the OCV changes by only 7 mV. In the same 
range OCV hysteresis increases by 13 mV at 0°C compared 
to 25°C. Therefore, when BMS uses OCV and OCV 
hysteresis for its functionality (e.g. SoC estimation) it needs 
to account for change of OCV hysteresis.   
 
IV. CONCLUSION 
In this work the hysteresis magnitude of an LFP Li-ion 
battery is evaluated with regards to temperature and charge-
discharge rates. Hysteresis increases by 13mV at 0°C 
compared to 25°C; however it remains unchanged when 
temperature is increased from 25°C to 45°C. At 0.2C rate 
there is a small change (4mV) in hysteresis magnitude 
between 10-30 % SoC, although for remaining SoC and rates 
(1C and 3C) this hysteresis magnitude remains mostly 
unchanged. The inclusion of hysteresis voltage at different 
temperature and rate as a function of SoC in a BMS will 
therefore improve OCV estimation accuracy by BMS and 
thus the performance of BMS. 
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